High expression of Hsp27 in glioma cells has been closely associated with tumor cell proliferation and apoptosis inhibition. The aim of the present study was to asses the effects of rosmarinic acid (RA) on Hsp27 expression and apoptosis in non-transfected and transfected human U-87 MG cells. The effect of rosmarinic acid was compared to quercetin, which is known to be a good Hsp27 inhibitor. In order to block the expression of Hsp27 gene (HSPB1), transfection with specific siRNAs was performed. Western blotting technique was used to assess the Hsp27 expression, and caspase-3 colorimetric activity assay was performed to determine apoptosis induction. According to the results, it was found that RA and quercetin effectively silenced Hsp27 and both agents induced apoptosis by activating the caspase-3 pathway. Eighty and 215 μM RA decreased the level of Hsp27 by 28.8 and 46.7% and induced apoptosis by 30 and 54%, respectively. For the first time, we reported that rosmarinic acid has the ability to trigger caspase-3 induced apoptosis in human glioma cells. As a result of siRNA transfection, the Hsp27 gene was silenced by5 0% but did not cause a statistically significant change in caspase-3 activation. It was also observed that apoptosis was induced at a higher level as a result of Hsp27 siRNA and subsequent quercetin or RA treatment. siRNA transfection and 215 μM RA treatment suppressed Hsp27 expression level by 90.5% and increased caspase-3 activity by 58%. Herein, we demonstrated that RA administered with siRNA seems to be a potent combination for glioblastoma therapy.
Introduction
Glioblastomas (GBM-grade IV astrocytoma) are the most malignant primary brain tumors with fatal consequences worldwide. For these malignant astrocytic tumors, average survival rates are less than 15 months and the mortality rate is over 50%. Despite surgical, radiological, and chemotherapeutic interventions, these rates have not changed much (Graner et al. 2009; Jakubowicz-Gil et al. 2010; Combs et al. 2016) . Therefore, scientists and clinicians are still searching for better therapies for malignant gliomas. Since the therapeutic potential of reducing the abnormal levels of stress proteins (also known as heat shock proteins, Hsps) in diverse tumor cells have been revealed, Hsp-based therapies have become a significant target for new approaches against cancer (Jakubowicz-Gil et al. 2010; Lianos et al. 2015; Önay-Uçar 2015) .
Hsps are a group of highly evolutionary conserved proteins. In normal cells, many of Hsps act as molecular chaperones and they are responsible for maintaining protein homeostasis. Conversely, during disease, their function aids the advancement of disease (McConnell and McAlpine 2013) . Especially in cancer, high level expression of many Hsps has been observed (Lianos et al. 2015; Önay-Uçar 2015) . It is known that Hsp overexpression in tumor cells is caused by resistance to cell death (Samali and Cotter 1996) . One of the best-studied of these proteins is Hsp27, which is highly expressed in different brain tumors such as astrocytomas, gliomas, and oligodendrogliomas (Zhang et al. 2003) . High levels of Hsp27 induce tumor cell proliferation, differentiation, and metastasis and inhibit apoptosis. It is also associated with drug resistance and survival of the cell in lethal conditions. All these studies suggest that Hsp27 stimulates the process of the carcinogenesis (Garrido et al. 2006; Kim and Kim 2011; Khalil et al. 2011; Jego et al. 2013) .
During the past decade, antioxidant agents have been studied in cancer researches as potential therapeutic agents because of their free radical-scavenging capacity, modulation of gene expression, and interaction with cell-signaling pathways. One of the best known Hsp inhibitors as an antioxidant agent is quercetin (3,3′,4′,5-7-pentahydroxyflavone) . It is a natural flavonoid and found in many edible fruits and vegetables such as apple, various berries, grapes, lemon, onions, dill, tomato, and beverages such as coffee and tea. Quercetin is known to possess an anticarcinogenic potential. The anticancer property of it is due to ability to inhibit various proteins that are effective in carcinogenesis (Jakubowicz-Gil et al. 2005; Gupta et al. 2010; Khan et al. 2016) . In particular (especially today), quercetin is known as Hsp27 inhibitor (Li et al. 2016) and also is known to facilitate apoptosis of tumor cells by caspase-3 and caspase-9 activations (Chowdhury et al. 2005; Jakubowicz-Gil et al. 2008; Kim et al. 2008; Vargas and Burd 2010; Jakubowicz-Gil et al. 2013a; Bądziul et al. 2014) .
Rosmarinic acid (RA) is a phenolic carboxylic acid and is naturally found in many Lamiaceae species such as lemon balm, oregano, peppermint, rosemary, sage, and thyme. RA has many beneficial biological effects. These are mainly antioxidant, antidiabetic, antitumoral, and neuroprotective effects (Petersen and Simmonds 2003; Tepe et al. 2007; Airoldi et al. 2013; Furtado et al. 2015; Runtuwene et al. 2016; Venkatachalam et al. 2016 ). However, the potential effect of RA on the expression of Hsp27 in cancer cells and its mechanism has not yet been found.
Today, RNA interference (RNAi) based on silencing of targeted gene expression, e.g., small interfering (si)RNAmediated silencing, has a potential therapeutic strategy against cancer. The modulation of gene expression by siRNAs is a powerful tool (Elbashir et al. 2001; Wang et al. 2011; Wu et al. 2014; Sun et al. 2015) . Furthermore, the specificity and potency of Hsp-spesific siRNAs in cell culture for inhibit Hsp gene are shown in many studies (Hosaka et al. 2006; Rocchi et al. 2006; Kumano et al. 2012; Behnsawy et al. 2013; Jakubowicz-Gil et al. 2013a; Bądziul et al. 2014; Li et al. 2016) .
The initial purpose of the presented study is to exhibit the effect of RA on the Hsp27 expression and apoptosis in U-87 MG cells. The second purpose is to compare the effects of RA with quercetin and siRNA-mediated silencing and to determine effect of combined therapy.
Materials and methods

Reagents and siRNAs
Rosmarinic acid was from Sigma-Aldrich, and quercetin was from Santa Cruz Biotechnology. They were dissolved in dimethyl sulfoxide (DMSO). Double-stranded siRNA molecules were purchased from Ambion and dissolved in ultrapure DNase/RNase-free distilled water to a final concentration of 10 μM. Two different Hsp27 siRNA molecules were used in this study. The sense strand of Hsp27 siRNA 1 (Hsp27 si1) was 5′-GCGUGUCCCUGGAUGUCAAtt-3′, and the antisense strand was 5′-UUGACAUCCAGGGACACGCgc-3′; the sense strand of Hsp27 siRNA 2 (Hsp27 si2) was 5′-GCCG CCAAGUAAAGCCUUAtt-3′, and antisense strand was 5′-UAAGGCUUUACUUGGCGGCag-3′. Scrambled nonsilencing siRNA (NS si) was used as a negative control. DharmaFECT 4 transfection reagent was from Dharmacon, and Opti-MEM transfection medium was from Invitrogen. Standard tissue culture reagents were obtained from Gibco. Caspase-3 Colorimetric Activity Assay Kit and polyvinylidene fluoride (PVDF) membrane were purchased from Millipore. Mouse anti-Hsp27 monoclonal antibody and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG were obtained from Enzo Life Sciences. HRP-conjugated GAPDH Loading Control Monoclonal Antibody was from ThermoFisher Scientific. ECL Plus Western Blotting Detection System was purchased Amersham. SMART™ BCA Protein Assay Kit was from iNtRON Biotechnology. EDTA-free protease inhibitor cocktail was from Roche. All the other chemicals were obtained from Sigma.
Cells and culture conditions
Human glioma U-87 MG cells were grown in Dulbecco's modified Eagle's medium/high glucose (DMEM/High) supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 1% (v/v) antibiotic-antimycotics solution (100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B), and 1% (v/v) non-essential amino acids at 37°C in a humidified incubator containing 5% CO 2 . The cells were passaged every 3 days.
Cell viability test
MTT (3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide) assay with minor modifications was used for detecting cytotoxic activities of antioxidant agents (rosmarinic acid and quercetin), siRNA transfections, and combined therapies (Mosmann 1983; Uçar et al. 2012) . Cells were seeded in a flatbottomed 96-well plate at a density of 1 × 10 4 per well 24 h prior to treatment. For detecting cytotoxic activity of antioxidant agents, the cells were treated with increasing concentrations of agents diluted with DMEM/High (0-200 μM for quercetin, 0-1000 μM for RA). To determine the effects of cell transfection and combined therapy applications on cell viability, transfection reagent/siRNA complex was prepared. DharmaFECT 4 transfection reagent was used different final concentrations (1.5, 2.5, 3.5, and 4.5 μL/mL), and the cells were transfected with 25 and 50 nM siRNAs. siRNA transfection and combined therapy applications were performed as described in the title cell transfection and combined therapy. After 48 h post-incubation at 37°C, the adherent cells were washed with Dulbecco's phosphate-buffered saline (D-PBS) and 30 μL of MTT (5 mg/mL in sterile D-PBS) was added to each well. Then, the cells were incubated for 4 h to allow formation of formazan crystals. After 4 h, 150 μL of DMSO was added to each well to dissolve the formazan crystals, and the absorbance of formazan products was measured at 540 nm in a microplate reader (EON, BioTek Instruments, Inc.). Samples were analyzed in triplicate in three independent assays.
Rosmarinic acid and quercetin treatments
For cell treatment with rosmarinic acid and quercetin, U-87 MG cells were plated in a six-well plate at a density of 2.8 × 10 5 and the cells kept overnight. According to cell viability test results, quercetin at the final concentrations of 10 and 30 μM and rosmarinic acid at the final concentrations of 80 and 215 μM were applied to the cells. The final concentration of DMSO in the culture medium did not exceed 0.2%. Assays were done at 48 h after treatments.
Cell transfection and combined therapy
To block the expression of Hsp27, transfection of U-87 MG cells with specific siRNAs was performed according to the manufacturer's protocol. The amounts of specific siRNAs and transfection reagent were selected experimentally via MTT assay. For transfection, U-87 MG cells at the density 2.8 × 10 5 were seeded in a six-well cell culture plate, and the cells were incubated at 37°C in a CO 2 incubator for 24 h until cell confluence reached 60-80%. Prior to transfection, transfection reagent/siRNA complex was prepared. DharmaFECT 4 transfection reagent was added to Opti-MEM transfection medium for a final concentration of 2.5 μL/mL and incubated at room temperature for 5 min. Hsp27 or NS siRNA was added at final concentrations of 25 and 50 nM, and incubated for another 20 min. During this time, the cells were washed with D-PBS, and then fresh growth medium without antibiotics was added each well of plate. Next, the transfection reagent/ Hsp27 or NS siRNA complex (first and second set of transfections) was added to the wells and incubated at 37°C for 5 h. A third set of transfections was done without any siRNA (mock transfection). And also, non-transfected cells were used as a control. Five hours later, the medium was replaced with complete fresh medium. Additively for combined therapy groups, the transfected U-87 MG cells were exposed to quercetin or rosmarinic acid treatment at the end of the 5-h transfection period. For this, the medium was replaced with complete fresh medium containing these agents. The effectiveness of Hsp27 gene silencing was assessed at the protein level by immunoblotting. Assays were done at 48 h after transfection. Three independent experiments were performed.
Immunoblotting assays
At 48 h after treatments, the cells were collected by trypsinization and washed with D-PBS. The cells were lysed in lysis buffer containing 0.02 M Tris-HCl (pH 6.8), 0.04% (w/ v) ethylenediaminetetraacetic acid (EDTA), 1% (v/v) Triton X-100, EDTA-free protease inhibitor cocktail (1 tablet/ 50 mL), and 1 mM phenylmethanesulfonyl fluoride (PMSF). The extract was centrifuged at 20,000×g for 20 min at 4°C to remove insoluble materials. The protein concentration of the supernatants was determined using the SMART™ BCA Protein Assay Kit. Cell lysates were solubilized in sample buffer [25 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 10% 2-mercaptoethanol, and 0.002% bromophenol blue] and boiled for 4 min. Equal amounts of protein (30 μg/well) were analyzed with 10% sodium dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, Trans-Blot Turbo Transfer System (Bio-Rad) was used for electrotransfer of the separated proteins to PVDF membrane. Following transfer, immunodetection analysis was performed. Firstly, membranes were blocked with 5% (w/v) non-fat dry milk Tween 20] at room temperature for 1 h. Then, membranes were incubated overnight at 4°C with mouse anti-Hsp27 monoclonal antibody diluted 1:1000. The membranes were washed four times for 10 min with PBS containing 0.05% Tween 20. After the wash period, the membranes were incubated for 2 h at room temperature with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG diluted 1:5000. The data were normalized relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the HRPconjugated GAPDH Loading Control Monoclonal Antibody (working dilution 1:2000). Proteins were visualized with chemiluminescence luminol reagents (ECL Plus Western Blotting Detection System). The levels of protein expression were determined using the ImageLab 5.2.1 software (BioRad). At least three independent experiments were performed.
Caspase-3 activity assays
Caspase-3 activity was measured using the Caspase-3 Colorimetric Activity Assay Kit according to the manufacturer's protocol. Briefly, cells were resuspended in cell lysis buffer and incubated on ice for 10 min. After incubation period, the cell lysates were centrifuged at 10,000×g for 5 min at 4°C. The supernatants were incubated with 1 mM caspase-3 substrate (Ac-DEVD-pNA) for 2 h at 37°C, and caspase-3 activity was measured at 405 nm in a microplate reader. Samples were analyzed in triplicate in three independent assays.
Statistical analysis
The quantitative data were presented as mean ± standard deviation (SD) with n denoting the number of experiments. Statistical analysis and graph generation were performed using the GraphPad Prism Software version 5.01. The statistical evaluation was performed with one-way ANOVA test followed by Dunnet's multiple comparison test. P value of < 0.05 was taken as the criterion of statistically significance.
Results
Cytotoxic analyses
The effects of quercetin and rosmarinic acid on U-87 MG cell viability
The cytotoxic activity of quercetin and rosmarinic acid was examined in the presence of different concentrations. To determine the cytotoxicity, tested compounds were applied singly, and a modified MTT assay was used. Cells were treated with 0-200 μM of quercetin or 0-1000 μM RA for 48 h. The final concentration of DMSO in the culture medium did not exceed 0.2% which this rate did not affect cell (data not shown). Cytotoxicity data are presented as mean percentages of control ± standard deviation (SD). The half-maximal inhibitory concentration (IC 50 ) was determined using GraphPad Prism® 5.01 software, and sigmoidal dose-response (variable slope) curve fit analysis was used to calculate IC 50 value. The cytotoxic activity data showed that quercetin and RA induced death in U-87 MG cell line in a dose-dependent manner after 48 h incubation (Fig. 1) . For U-87 MG cells, the dose of quercetin yielding 50% mortality (IC 50 ) was 109.29 μM and the IC 50 value of RAwas 373.48 μM. According to cytotoxicity results, doses of all agents used in experiments were selected according to cell viability ≥ 80%. Therefore, quercetin at the final concentrations of 10 and 30 μM and RA at the final concentrations of 80 and 215 μM were used in the experiments.
The effects of siRNA transfection and combined therapy on U-87 MG cell viability
The cytotoxic effects of siRNA transfection were examined in the presence of 25 and 50 nM siRNAs and four different final concentrations of transfection reagent (1.5, 2.5, 3.5, and 4.5 μL/mL). A modified MTT assay was used for determining the cytotoxicity of transfection reagent/siRNA complexes. Cell viability was measured with one-way ANOVA test followed by Dunnet's multiple comparison test. Cytotoxicity data are presented as mean percentages of control ± standard deviation (SD). According to cytotoxicity results (Fig. 2) , transfection reagent/siRNA complexes and combined therapy groups that show ≥ 80% viability were used in the experiments. Therefore, transfection reagent at the final concentration of 2.5 μL/mL for cell transfection with both 25 and 50 nM siRNAs was used in the experiments. It was observed that si2, which was determined to be more effective in Hp27 silencing according to the Western blot analysis (Fig. 4) , decreased cell viability by more than 20% at 50 nM final concentration in combined therapy groups. There was only one exception; cell viability was > 80% in the combined therapy group in which 50 μM si2 and 10 μM quercetin was administered. According to these results, quercetin and rosmarinic acid treatments were applied to the cells transfected with 25 nM si2 in the combined therapy applications.
Hsp27 expression in U-87 MG cells
Effects of quercetin and rosmarinic acid on the Hsp27 expression in U-87 MG cells
Western blot analysis showed that separately quercetin and RA administrations are effective inhibitors of Hsp27 expression in U-87 MG cells (Fig. 3) . Quercetin at 10 and 30 μM final concentrations reduced the expression of Hsp27 by 23.3 and 43.3%, respectively. Similarly, 80 and 215 μM rosmarinic acid decreased level of Hsp27 by 28.8 and 46.7%, respectively.
Effects of quercetin and rosmarinic acid on the Hsp27 expression in transfected U-87 MG cells
To block the expression of Hsp27, the U-87 MG cells were transfected with different concentrations of two commercial specific siRNA compounds (si1 and si2) as described in the BMaterials and methods^section, and the efficiency of blocking the Hsp27 gene was examined by immunoblotting analysis. Our experiments showed that transfection of U-87 MG cells was successful and the level of Hsp27 expression was markedly reduced. According to immunoblotting analysis results, there was no statistically significant effect of nonsilencing siRNA (NS si) or transfection agent (mock) on Hsp27 expression (P > 0.05). Although both si1 and si2 treatments reduced Hsp27 expression, Hsp27 si2 was found to be more effective in gene silencing. Hsp27 si1 at 25 and 50 nM final concentrations reduced the expression of Hsp27 by 19 and 28%, respectively, whereas Hsp27 si2 at 25 and 50 nM decreased level of Hsp27 by 40 and 49%, respectively (Fig. 4a) . As shown in the Western blot analysis (Fig. 4) , two different siRNA targeting different regions of Hsp27 mRNA were tested in U-87 MG cells, and si2 was identified as the most potent.
For combined therapy applications, after cell transfection with siRNA, cells were exposed to quercetin or rosmarinic acid treatment as described in the BMaterials and methodsŝ ection, and the level of repressing Hsp27 expression was determined by immunoblotting. It was observed that the Hsp27 gene was very effectively silenced in the combined therapy groups, in which the transfected U-87 MG cells with 25 nM Hsp27 si2 were treated with quercetin or rosmarinic acid. The application of 50 nM siRNA in combined therapy groups was not studied for the analysis of Hsp27 expression, because the cell viability ratio in these combinations was Fig. 1 Determination of quercetin and rosmarinic acid effect on cell viability. a Quercetin dose-response curve for cell viability (R 2 = 0.90). For U-87 MG cells, IC 50 value of quercetin was 109.29 μM. Graph [sigmoidal dose-response (variable slope) curve fit] represents the mean ± SD of three independent experiments analyzed together (n = 18). b Quercetin dose-response for control (0 μM) U-87 MG viability. Cell viability was measured as in a. Graph represents the mean ± SD (n = 18). ***P < 0.001 determined by one-way ANOVA using Dunnet's multiple comparison test. c Rosmarinic acid dose-response curve for cell viability (R 2 = 0.92). For U-87 MG cells, IC 50 value of rosmarinic acid was 373.48 μM. Graph [sigmoidal dose-response (variable slope) curve fit] represents the mean ± SD of three independent experiments analyzed together (n = 18). d Rosmarinic acid dose-response for control (0 μM) U-87 MG viability. Cell viability was measured as in c. Graph represents the mean ± SD (n = 18). ***P < 0.001 determined by one-way ANOVA using Dunnet's multiple comparison test found to be less than 80%. Thirty micromolars of quercetin and 25 nM si2 combination resulted in a decrease in the level of Hsp27 to 80.9%. The rosmarinic acid treatment to the transfected cells resulted in a higher level of Hsp27 silencing.
Combination of 215 μM rosmarinic acid and 25 nM si2 reduced the Hsp27 expression by 90.5% (Fig. 4b) . Among all treatments, this was the highest level of Hsp27 silencing when compared to the control.
Induction of apoptosis in U-87 MG cells
Caspase-3 activity was used to estimate apoptosis induction in U-87 MG cells (Fig. 5) . Caspase-3 activity analysis has showed that separately quercetin and rosmarinic acid administration (only 10 μM quercetin exception) are statistically effective induction of apoptosis in U-87 MG cells. Quercetin at 30 μM final concentrations increased the apoptosis rate by 29%, whereas 80 and 215 μM rosmarinic acid increased caspase-3 activity by 30 and 54%, respectively.
To verify whether the blocking of Hsp27 gene expression is associated with apoptosis induction, the cells were transfected with 25 nM si2. Our experiments showed that blocking the Hsp27 gene with commercial specific siRNA in U-87 MG cells did not alter caspase-3 activity-a mediator of apoptosis induction-when compared to control group. According to caspase-3 activity analysis results, there was no statistically significant effect of non-silencing siRNA (NS si), transfection agent (mock), and transfection with Hsp27 si2 on caspase-3 activity (P > 0.05).
It was observed that the caspase-3 activity was very effectively increased in the combined therapy groups, in which the transfected U-87 MG cells with 25 nM Hsp27 si2 were treated with quercetin or rosmarinic acid. In the combined therapy groups, 50 nM siRNA plus antioxidant agents were not studied for the analysis of apoptosis induction, because the cell viability ratio in these combinations was found to be less than 80%. Caspase-3 activity was increased respectively by 44% and 55% in cells that were treated with both siRNA and quercetin at 10 and 30 μM final concentrations. Combination of 80 and 215 μM rosmarinic acid and siRNA increased caspase-3 activity by 53 and 58%, respectively. Two hundred and fifteen micromolars of RA and si2 combined group was the highest rate of increasing among treatments.
Discussion
Among the various human cancer types, GBM is known to be one of the most malignant tumors with fatal consequences at high levels worldwide (Graner et al. 2009; Jakubowicz-Gil et al. 2010; Combs et al. 2016) . Hsps are highly evolutionary conserved proteins and function as molecular chaperones in normal cells. However, they overexpressed most cancers such as human gliomas. Some Hsp levels are high in abnormal levels in tumor cells compared with normal cells, and they provide an advantage to these cells for cell death resistance. In addition, they are responsible for increased chemotherapy Fig. 2 Determination of siRNA transfection and combined therapy effects on cell viability. a Transfection reagent/25 nM siRNA. b Transfection reagent/50 nM siRNA complexes for control U-87 MG viability. c combined therapy applications for control U-87 MG viability. Cell viability was determined by MTT assay. Graphs represents the mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 determined by oneway ANOVA using Dunnet's multiple comparison test resistance and poor prognosis (Samali and Cotter 1996; Bądziul et al. 2014; Lianos et al. 2015; Önay-Uçar 2015) . Therefore, they act as negative prognostic markers in tumor cells. In a study conducted by Khalil (2007) , it has been shown that Hsp27 can be used as a biomarker for GBM. High levels of Hsp27 stimulate the process of the carcinogenesis by inducing tumor cell proliferation, differentiation and metastasis, and inhibiting apoptosis. It is also associated with drug Fig. 4 Hsp27 levels after siRNA transfection and combined therapy in U-87 MG cells. a Western blot analysis demonstrates dose-dependent and sequence-specific Hsp27 silencing by siRNAs [mean ± SD, n = 7, ***P < 0.001 vs control (non-transfected cells)] b. Western blot analysis demonstrates effects of quercetin (at final concentrations of 10 and 30 μM) and rosmarinic acid (at final concentrations of 80 and 215 μM) on the Hsp27 expression in transfected U-87 MG cells [mean ± SD, n = 7, **P < 0.01, ***P < 0.001 vs control (non-transfected cells)]. C control, Q quercetin, RA rosmarinic acid, si siRNA. All data were normalized to GAPDH Fig. 3 Hsp27 levels after quercetin or rosmarinic acid treatments in U-87 MG cells. a Western blot analysis demonstrates that quercetin (at final concentrations of 10 and 30 μM) dose dependently decreased Hsp27 expression (mean ± SD, n = 7, **P < 0.01, ***P < 0.001 vs control (C)) b. Western blot analysis demonstrates that rosmarinic acid (at final concentrations of 80 and 215 μM) dose dependently decreased Hsp27 expression (mean ± SD, n = 7, ***P < 0.001 vs control). C control, Q quercetin, RA rosmarinic acid. All data were normalized to GAPDH resistance and survival of the cell in lethal conditions (Garrido et al. 2006; Kim and Kim 2011; Khalil et al. 2011; Jego et al. 2013) . Hence, the inhibition of Hsp27 expression and induction of apoptosis have become a novel strategy against cancer.
Today, siRNA-based silencing of targeted gene expression has a potential therapeutic strategy and powerful tool against cancer (Elbashir et al. 2001; Wang et al. 2011; Wu et al. 2014; Sun et al. 2015) . The specificity and potency of Hsp-spesific siRNAs in cell culture to inhibit different Hsp genes are shown in many studies (Hosaka et al. 2006; Rocchi et al. 2006; Kumano et al. 2012; Behnsawy et al. 2013; Jakubowicz-Gil et al. 2013a; Bądziul et al. 2014; Li et al. 2016) . In the present study, Hsp27 siRNAs were used to knock-down of the Hsp27 mRNA and to determine the effect of Hsp27 inhibition on caspase-3-induced apoptosis in U-87 MG cells. The Western blot analysis showed that siRNA transfection was successful, and Hsp27 expression was significantly reduced in U-87 MG cells. Twenty-five and 50 nM Hsp27 si1 reduced the expression of Hsp27 by 19 and 28%, respectively, whereas Hsp27 si2 at 25 and 50 nM decreased level of Hsp27 by 40 and 49%, respectively. However, apoptotic analysis indicated that caspase-3 activity did not change compared with control (P > 0.05).
Quercetin, the most frequently studied flavonoids, is known to possess an anticarcinogenic potential, and it has emerged as a potential therapeutic agent against cancer. Quercetin is known to induce growth inhibition and cell death in many cancer cells, including glioma cells. Several articles have suggested that quercetin is an effective inhibitor of Hsp, especially Hsp27 and Hsp72, and an apoptosis inducer by caspase-3 and caspase-9 activations. Quercetin inhibits Hsp expression at the transcriptional level by blocking the heat shock factors 1 and 2 (HSF1, HSF2) (Chowdhury et al. 2005; Jakubowicz-Gil et al. 2008; Kim et al. 2008; Vargas and Burd 2010; Jakubowicz-Gil et al. 2013a; JakubowiczGil et al. 2013b; Bądziul et al. 2014; Li et al. 2016) . In this study, the Western blot analysis indicated that quercetin, used as a positive control, was an effective Hsp27 inhibitor in U-87 MG cells at the 30 μM final concentration. It reduced the expression of Hsp27 by 43.3%. Also, performed caspase-3 activity analysis indicated that 30 μM quercetin increased the apoptosis rate by 29%. Ten micromolars of quercetin silenced Hsp27 by 23.3%, but caspase-3 activity did not change at a statistically significant (P > 0.05). It is known that low doses of quercetin do not induce apoptosis as indicated in the various literatures (Jakubowicz-Gil et al. 2008; Vargas and Burd 2010; Jakubowicz-Gil et al. 2013b ). Our experiments also demonstrated that siRNA (25 nM) and quercetin (10 and 30 μM) applied in combinations lead to a potent reduction of the Hsp27 level. These combinations resulted in a decrease in the level of Hsp27 to 24.6 and 80.9% and in an activation in the caspase-3-dependent apoptosis to 43.9 and 55%, respectively. The combined therapy was determined to be more effective in inhibition of Hsp27 and in apoptosis induction than the single application of quercetin was.
Rosmarinic acid (RA) has many beneficial biological effects such as antioxidant, antitumoral, antiapoptotic, and neuroprotective effects (Petersen and Simmonds 2003; Tepe et al. 2007; Airoldi et al. 2013; Furtado et al. 2015; Runtuwene et al. 2016; Venkatachalam et al. 2016) . The potential effect of RA on the expression of Hsp27 in cancer cells and its mechanism have not been studied yet. In this study, we evaluated, for the first time, the effect of RA on Hsp27 inhibition and cell death induction in non-transfected and transfected human glioma cells. Herein, we showed that RA had a good potency in the inhibition of Hsp27 and induction of apoptosis in U-87 MG cell after 48 h of treatment. Induction of caspase-3 activity was observed after 80 and 215 μM final concentrations of RA treatment at ratio of 30 and 54%, respectively. The 80 and 215 μM of RA decreased level of Hsp27 by 28.8 and 46.7%, respectively. However, the molecular mechanism underlying RA-mediated inhibition of Hsps has not been elucidated. A few studies have shown that RA inhibits MAPKmediated cell proliferation pathways and induces apoptosis in cells. In a study, it has been shown that RA inhibits the proliferation by suppressing MAPK/ERK pathway in the human colorectal cell line and induces apoptosis (Xavier et al. 2009 ). In another study conducted on colon HT-29 and breast MCF-7 cancer cells, it has been shown that RA treatment inhibits the activation of phosphorylated ERK1/2 in the cells (Scheckel et al. 2008) . RA has been shown to reduce cell proliferation and migration in the head and neck squamous separately on the activation of caspase-3 was shown in the figure in non-transfected cells group. The effect of siRNA transfection and combined therapy on the activation of caspase-3 was shown in the figure in transfected cells group. Graph represents the mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 determined by one-way ANOVA using Dunnet's multiple comparison test. C control, Q quercetin, RA rosmarinic acid, si siRNA cell carcinoma cell lines by inhibiting EGFR phosphorylation and MAPK signaling (Tumur et al. 2015) . We demonstrated in this study that RA treatment reduces Hsp27 expression and induces caspase-3-dependent apoptosis in U-87 MG cells. The reduction in the levels of Hsp27 expression in the cells treated with RA may have been due to the inhibition of heat shock factor 1 (HSF1), the common transcription factor of Hsps, by suppressing the mitogen-activated protein kinase (MAPK) family members.
Interestingly, while some studies have shown that RA has apoptotic activity in cancer cells, there are also studies on antiapoptotic effect of RA on healthy cells. In a study on myoblast C2C12 cell line, it has been shown that RA has a protective effect on hyperthermia-induced cellular damage and reduces caspase-3 expression (Chen et al. 2014) . In another study conducted on H9C2 cardiac muscle cells, RA has been shown to inhibit ROS generation and activation of JNK and ERK and to inhibit adriamycin-induced apoptosis (Kim et al. 2005) . The neuroprotective effect of RA via antiapoptotic and antioxidant activity on H 2 O 2 -mediated neuronal cell damage has been demonstrated (Gao et al. 2005; Ghaffari et al. 2014) . On the contrary, in the literature, there are many studies that demonstrate the effects of RA on apoptosis-inducing and cell proliferation-reducing (Moore et al. 2016) . The anticancer effects of RA have been shown in many types of cancer such as breast (Yesil-Celiktas et al. 2010; Berdowska et al. 2013) , colorectal (Xavier et al. 2009 ), leukemia (Moon et al. 2010) , liver (Lin et al. 2007 ), lung, and prostate (Yesil-Celiktas et al. 2010 ). The molecular mechanism underlying RA-mediated both pro-and antiapoptotic effects has not been well elucidated. A few studies have shown that RA inhibits TNF-α-mediated cell proliferation pathway and induces apoptosis in cells. In a study conducted on human leukemia U937 cells, it has been shown that RA treatment inhibits TNF-α-induced NF-ĸB activation and reactive oxygen species (ROS) and significantly sensitizes the cells to TNF-α-induced apoptosis. It has also been shown that the activation of caspases in response to TNF-α is significantly enhanced by RA treatment (Moon et al. 2010) . In another study, RA has been shown to induce apoptose through the TNF-α-induced ROS production in cancer cells. . It is known that TNF-α plays a key role in apoptosis and cell survival, but the regulation of survival-death balance remains unclear (van Horssen et al. 2006) . RA may be demonstrating its pro-or antiapoptotic effect via the TNF-a pathway. Moreover, studies on the effect of RA on brain tumors are inadequate, and the mechanism underlying the effects of RA on brain tumors is not understood. In this study, we demonstrated that RA induces caspase-3-dependent apoptosis and reduces Hsp27 expression in U-87 MG human glioma cells.
Hsp27 is a chaperone protein and plays a helpful role in the recognition and destruction of misfolded proteins. In the present study, the depletion of Hsp27 by siRNA-mediated silencing may have significantly reduced the degradation of misfolded proteins and may have led to endoplasmic reticulum (ER) stress in the cell. It is known that in the ER stress, cells undergo apoptosis via mitochondria-dependent and mitochondria-independent pathways by activating different signal transduction pathways such as transcriptional induction of C/EBP (CCAAT/enhancer binding protein) homology protein (CHOP), activation of the c-Jun N-terminal kinase (JNK) pathway, and activation of caspase-12. However, the mechanism and targets of ER stress-induced apoptosis yet remain exactly to be identified (Oyadomari et al. 2002; Rao et al. 2002; Van der Sanden et al. 2003; Mauro et al. 2006; Szegezdi et al. 2006; Jakubowicz-Gil et al. 2013b; Yadav et al. 2014 ). In the study, caspase-3 activation was not observed in transfected cells with siRNAs, whereas higher levels of caspase-3 activity were observed in cells treated with siRNA and subsequent quercetin or RA treatment compared to cells treated with antioxidant agent alone. This might be explained by the protection of the cells against ER stress by the antioxidant properties of quercetin or RA which are flavonoids. It has been shown that free radical scavengers protect the cells from ER stress-induced cell death (Mauro et al. 2006) . Also, some reports demonstrate that quercetin protects the cells against ER stress by its antioxidant properties (Ben Salem et al. 2015; Jakubowicz-Gil et al. 2013b ). There is no evidence directly associated with ER stress markers (such as PERK, IRE1a, XBP-1, BiP, CHOP, and caspase-12) upon rosmarinic acid treatment in the literature. New studies are needed to determine the effect of rosmarinic acid treatment on ER stress and markers in cells. Nevertheless, this information may suggest that cell death in U-87 MG cells only siRNA treatment might be correlated with ER stress-activated apoptosis and quercetin or RA treatment might protect the cells against ER stress.
Our experiments showed that Hsp27 siRNA and subsequent RA treatment in U-87 MG cells would be a great agent against cancer therapy. After cell transfection, treatment of RA at 215 μM suppressed the Hsp27 expression by 90.5% and increased caspase-3 activity by 58%. In the present study, it was determined that the combined therapy with RA and siRNA is the most effective treatment group for both Hsp27 suppression and caspase-3 dependent apoptosis induction, when compared to the control group (untransfected and no agent treated cells). Besides, it was determined that rosmarinic acid inhibits Hsp27 and induces apoptosis at a higher level than quercetin, which is known to be a good Hsp27 inhibitor and in this study used as a positive control. These findings have shown that rosmarinic acid seems to be a potent and promising anticarcinogen agent, and it may be useful for glioma therapy.
In conclusion, in the present study, caspase-3 activity analysis has shown that quercetin and rosmarinic acid are very good agents for apoptosis induction in U-87 MG cells. It was also observed that apoptosis was induced at a higher level as a result of Hsp27 siRNA and subsequent quercetin or RA treatment, when compared to the control cells. This indicated that siRNA-mediated silencing of Hsp27 expression makes U-87 MG cells vulnerable to apoptosis induction upon quercetin or RA treatment, and also this confirmed that Hsp27, a molecular chaperone, is responsible for glioma cells resistance to apoptosis. In the present study for the first time, we reported that rosmarinic acid has the ability to trigger caspase-3 induced apoptosis in human glioma cells. Moreover, in this study, we provided for the first time the evidence supporting the potential of combinations of Hsp27 siRNA and RA applied to human glioma cells as an effective Hsp27 inhibitor and inducer of apoptosis. We demonstrated that RA administered with siRNA seems to be a potent combination for glioma therapy. The data obtained from this study would contribute to the development of new anticancer drugs and related treatments of brain tumors with observed aggressive growth, poor prognosis, and high mortality rate.
